Background and aims Fine roots contribute to ecosystem carbon, water, and nutrient fluxes through resource acquisition, respiration, exudation, and turnover, but are understudied in peatlands. We aimed to determine how the amount and timing of fine-root growth in a forested, ombrotrophic bog varied across gradients of vegetation density, peat microtopography, and changes in environmental conditions across the growing season and throughout the peat profile.
Introduction
Peatlands cover less than 3% of the global land surface but store as much as one-third of global terrestrial soil carbon (C) in deep deposits of peat (Gorham 1991; Bridgham et al. 2006; Yu et al. 2010) . This large C reserve may be vulnerable to global warming and associated drying (Bridgham et al. 2008) , and relative to their land cover, peatlands could contribute a disproportionate amount of CO 2 and CH 4 to the atmosphere under projected climate scenarios, providing an important positive feedback to climatic change (Bridgham et al. 2006; Denman et al. 2007; McGuire et al. 2009) .
While the accumulation of peat is driven in large part by the occurrence of mosses, especially those in the Sphagnum genus, vascular plants can also exert important controls over peat accumulation. Ephemeral, narrow-diameter, fine roots responsible for plant water and nutrient acquisition (Kramer 1969; Fitter 1982) have been estimated to comprise a large fraction of vascular plant annual net primary production (NPP) in peatlands (~25 to 75%; Reader and Stewart 1972; Backéus 1990; Weltzin et al. 2000; Wang et al. 2003; Bond-Lamberty et al. 2004; Wieder 2006) . Fine roots contribute directly to peat formation through root turnover (Laiho et al. 2003) , but living roots can also play a disproportionately important role in the release of carbon from ancient peat through interactions with the microbial consortia that facilitate the decomposition of soil organic matter under aerobic and anaerobic conditions (reviewed in Megonigal et al. 2004; Walker et al. 2016) . Fine roots also contribute a significant portion of peatland CO 2 efflux (e.g., 35 to 45%, Silvola et al. 1996) through root respiration and rhizosphere CH 4 oxygenation, while aerenchymous roots formed by some graminoids also allow the passive transport of CH 4 to the atmosphere (Silvola et al. 1996; Ruess et al. 2003; Megonigal et al. 2004; Chanton 2005; Crow and Wieder 2005; Ström et al. 2005; Laanbroek 2010) . The timing of fine-root production throughout the year also exerts important controls over CO 2 and CH 4 efflux from peat, as well as peatland plant nutrient acquisition and root exudation (Silvola et al. 1996; Ström et al. 2005) .
The activities of fine roots are a large source of uncertainty in projections of the relative proportion and amount of CO 2 and CH 4 released from organic soils across the globe (Frolking et al. 2010; Wania et al. 2010; Riley et al. 2011) . This is because, compared with other patterns and processes in ecosystems underlain by organic soils, the distribution of fine roots across the landscape and throughout the soil profile and the relative amount and timing of root growth are understudied (Iversen et al. 2012; Bhuiyan et al. 2016) .
Peatlands are highly heterogeneous, encompassing gradients of vegetation composition and density, topography, and environmental conditions that change over time and throughout the peat profile. Thus, the dynamics and distribution of fine roots could be affected by several processes. These include: (1) the relative abundance of trees compared with ericaceous shrubs, and their distribution across the landscape (Murphy et al. 2009b; Bhuiyan et al. 2016) , (2) undulating peatland microtopography, where raised hummocks sit higher and drier than adjacent hollow depressions and typically have higher woody vegetation density and nutrient availability (Murphy et al. 2009b; Eppinga et al. 2010; Malhotra et al. 2016) , (3) seasonal changes in environmental conditions, and accompanying changes in the carbon sink strength of leaves and wood that may limit the C available for allocation belowground (reviewed in Abramoff and Finzi 2015) , and (4) changes in edaphic conditions throughout the peat profile, especially nutrient availability and depth to the water table (Kohzu et al. 2003) .
Our limited knowledge of fine-root dynamics in peatlands has largely been based on extrapolation from relative aboveground growth rates, sequential soil coring, or root colonization of in-growth cores (Reader and Stewart 1972; Backéus 1990; Finér and Laine 1998; Weltzin et al. 2000; Bond-Lamberty et al. 2004; Wieder 2006; Murphy et al. 2009a; Murphy et al. 2009b; Murphy and Moore 2010; Bhuiyan et al. 2016) . While these mainly destructive methods have emphasized the importance of the root component in these systems, they are unable to capture short-term patterns in the birth, death, and turnover of ephemeral fine roots.
Minirhizotrons, which are clear tubes inserted into the peat to allow camera access for repeated imaging of roots, provide a non-destructive way to capture the timing of fine-root birth and death, as well as the distribution of living fine roots throughout the peat profile. However, few studies have used minirhizotrons to examine fine-root growth and phenology-i.e., the pattern of root growth throughout the year-in ecosystems underlain by organic soils (Iversen et al. 2012) .
We adapted minirhizotron technology to measure spatial and temporal patterns in the growth and distribution of fine roots across a forested, ombrotrophic bog. We hypothesized that: (1) fine-root peak standing crop and growth would vary spatially across the bog, with the greatest amount of biomass and growth in areas with the greatest tree density or shrub cover and also in raised hummocks compared with depressed hollows; (2) fineroot phenology would be driven by edaphic and environmental conditions such as peat temperature and photosynthetically active radiation, and would be offset in time from the growth of leaves and wood, and (3) newlyproduced fine roots of the dominant woody plants would be shallowly distributed above the water table, limiting their access to nutrients available in deeper peat.
Materials and methods

Site characteristics
This study was conducted in the USDA Forest Service Marcell Experimental Forest (MEF) in Minnesota, USA, at the S1 bog ('Swamp 1', 47.50283 degrees latitude, −93.48283 degrees longitude). This forested, 8.1-ha bog is ombrotrophic, receiving inputs of water and nutrients from precipitation. The S1 bog ranges from 412.7 to 413.1 m above sea level in the subhumid continental climate of northern Minnesota, USA (Verry et al. 1988) , and has a rich history of experimental research . From 1961 through 2005, average annual air temperature was 3.3°C, and average annual precipitation was 768 mm . In recent years (2010 to 2014) mean annual air temperatures ranged from 1.6°C to 5.1°C, and annual rainfall ranged from 586 mm to 662 mm (Hanson et al. 2011) . Snow free periods extend from day of year 112-128 in the spring to day of year 294-330 in the fall (~early May to~early November). Water table depth ranged from +10 to +20 cm above the hollows directly after snow melt to −50 cm below the hollows later in the growing season (the surface of the depressed hollow microtopography was considered to be 0 cm; positive numbers indicate raised hummock microtopography and negative numbers indicate depth below 0 cm in both hummocks and hollows). Poorly-decomposed peat with a pH ranging from~3.8 in surface layers to~5 in deeper layers ) reaches an average depth of 2.5 m (Parsekian et al. 2012 Much of our investigations were focused along gradients of raised hummock and depressed hollow microtopography as well as tree density. Trees were harvested in strip cuts from the S1 bog in 1969 and again 1974, and were allowed to naturally regenerate. A denser coverage of trees was found in the 1969 cuts that regenerated from mature P. mariana (Perala and Verry 2011) , while 1974 cuts had sparser trees and more open canopy areas (i.e., shrub understory only), though there were also gradients of tree density within each cut. We also took advantage of newly-installed experimental plots in the 1974 cuts associated with the SPRUCE experiment (Spruce and Peatland Responses Under Climatic and Environmental change, http://mnspruce.ornl.gov/) for quantification of fine-root biomass in bulk peat and more extensive measurements of plant-available nutrients prior to the initiation of the SPRUCE experimental treatments.
Root morphology
Representative morphological specimens for each dominant vascular plant species (trees P. mariana and L. laricina and shrubs R. groenlandicum and C. calyculata) on the bog were collected in May, 2011. Root length and diameter were quantified by root order or root functional class for at least three replicate fineroot branches of each species as in Guo et al. (2008b) .
We considered the first three fine-root orders as the functional class 'absorptive' fine roots, responsible for plant resource acquisition, and orders four and higher as the functional class 'transport' fine roots mainly responsible for resource transport (e.g., McCormack et al. 2015a) . Subsamples were scanned for length and diameter using WinRhizo (Regent Instruments, Inc., Québec, Canada) at 1400 dpi to resolve the diameter of distal shrub fine roots that were often less than 100 μm. Roots were oven-dried at 70°C and weighed to determine root biomass. Continuous relationships between fine-root diameter and specific root length (SRL, root length per unit biomass) were developed separately for trees and shrubs. With few exceptions, the diameter of the first three orders of fine roots was less than 200 μm for shrubs and greater than 200 μm for trees, and we used this diameter cutoff to distinguish shrub roots from tree roots in minirhizotron images (described below).
Fine-root growth and peak standing crop
Minirhizotrons We installed 24 cellulose acetate butyrate minirhizotrons (Bartz Technology, Santa Barbara, CA, USA) at a~45°angle in the S1 bog in July, 2010, adjacent to wooden boardwalks. Twelve minirhizotrons were located in the southern portion of the bog near environmental monitoring stations, and twelve minirhizotrons were located adjacent to a long-term boardwalk used for a second series of monitoring stations in a more northerly section of the bog. In both the southern and northern portions of the bog, minirhizotrons were installed across a gradient of tree density, ranging from a dense coverage of trees to more open canopy areas (i.e., shrub understory only), taking advantage of differences in tree density across the 1969 and 1974 strip cuts but not focused in one or the other. In each location, minirhizotrons were installed in pairs, with one minirhizotron in raised hummock microtopography and one in an adjacent depressed hollow (n = 12 hummocks and 12 hollows, 24 minirhizotrons in total; on average, hollows were within 78 ± 25 cm of the hummock). See Online Resource 1 for additional details on the installation and anchorage of minirhizotrons, where we adapted upland minirhizotron technology for use in a waterlogged peatland ecosystem.
Images were collected from the minirhizotrons approximately weekly throughout the growing seasons of 2011 and 2012 (Table S1 in Online Resource 1) using a BTC-100× minirhizotron camera (Bartz Technology Corporation, Carpinteria, CA). All images were analyzed by the same person to obtain root length and diameter per individual root per image area using RooTracker software (Duke University, Durham, NC, USA). See Online Resource 1 for additional details on image collection and interpretation.
Fine-root length production was calculated as the appearance of a new root, or the extension of an existing root, between imaging dates. One of the benefits of minirhizotron use in waterlogged peatlands with slow decomposition rates is the ability to pinpoint the birth of new roots, and to track them over time. This mitigates known issues with identifying living and dead roots in peat or ingrowth cores (Bhuiyan et al. 2016) . In uplands, mortality would be calculated from minirhizotron images as the noticeable decomposition or disappearance (without subsequent reappearance) of a fine root between imaging dates. However, given the slow decomposition rates in peat which could impede our ability to determine when a root had died, we did not calculate fine-root mortality rates for the purposes of this study. Fine-root peak standing length was the maximum fineroot length observed for each minirhizotron tube during the growing seasons of 2011 and 2012.
We assigned each root observed in minirhizotron images to a plant functional type (shrub fine roots were less than 200 μm and tree fine roots were greater than 200 μm; roots with a diameter larger than 500 μm were carefully inspected to determine whether they were sedge roots, which have very different densities and chemistries, and do not follow the same allometry as the woody plant species). The assignment of a plant functional type was necessary because individual species cannot be distinguished in the minirhizotron images. We used relationships between fine-root diameter and SRL determined from species-specific voucher specimens to scale the fine-root diameter and length observed in minirhizotron images to fine-root biomass for each plant functional type, focusing on the first three root orders (i.e., the absorptive fine roots) because these are the roots generally quantified with minirhizotron technology (Guo et al. 2008a) . Fine-root biomass production was scaled to a volume of soil by assuming that each minirhizotron image had a 2-mm depth of field , Iversen et al. 2008 ) and scaled to soil area by taking into account the angle and depth of each minirhizotron tube. This scaling was necessary to provide an estimate of fineroot production for use in ecosystem C budgets and in models; we recognize that there is no perfect way to quantify root biomass production (for further discussion on this topic, see in Vogt et al. 1998) .
We focused on quantifying fine-root phenology in the generally aerobic top 20 cm of the hummock microtopography given that the majority of the fineroot standing crop was found in the hummocks (see Results section). For each plant functional type, fineroot growth phenology was calculated as the number of new roots at each imaging session (we counted the length extension of an existing root as a newly produced root for this analysis), divided by the number of days between imaging sessions. This number was then normalized by the maximum root number production rate for each tube throughout the growing season to allow comparisons across tubes, and also across years with differing root production rates (e.g., McCormack et al. 2015b) . Two minirhizotron locations were excluded from phenology analyses in 2012 because fewer than two new roots were observed in the top 20 cm of the hummock for the entirety of the growing season.
Peat cores As a comparison against minirhizotron observations of fine-root peak standing crop, and to determine the potential age distribution of roots throughout the peat profile for comparison with minirhizotron observations of living roots, we sampled fine roots from peat cores that were collected to the mineral soil (~250 cm depth) from future SPRUCE experimental plots in August 2012 (further details are available in Iversen et al. 2014 ); here we focused on hummock and hollow microtopography from three plots, one in each of three transects associated with the future SPRUCE experimental plots. After collection, peat cores were immediately sectioned into depth increments of 10 cm (from 0 to −100 cm depth), 25 cm (from −100 to −150 cm depth) or 50 cm (from −150 to −300 cm depth), homogenized by increment, subsampled, and frozen at −20°C until processing. After thawing overnight, a subsample of peat from each depth increment was meticulously sorted in the laboratory by floating fine roots in distilled water and identifying roots using jeweler's glasses. Fine roots were separated by individual tree species or by the shrub plant functional type, oven-dried at 70°C, and weighed. In one plot, fine roots were sorted from all depth increments, but after 14 C analysis revealed that roots below −50 cm depth were likely dead but undecomposed, fine roots were only removed from the peat depths above −50 cm in the two remaining plots. Calibrated ages were determined for a subset of shrub fine roots sampled from the peat cores (shrubs had the largest amount of fine-root biomass in the cores). Fine roots were combined across multiple depth increments in one hummock core and one hollow core to obtain enough material for analysis. Surface increments ranged from +20 to +10 cm and +10 to 0 cm in the hummock and from 0 to −30 cm in the hollow, and deeper increments ranged from −50 to −100 cm and −100 to −200 cm depths in both hummock and hollow. Unground root fragments comprising multiple fine roots were first subjected to an acid-baseacid pretreatment to ensure measurements corresponded to root structural carbon compounds rather than nonstructural C compounds or C associated with the surrounding peat (Gaudinski et al. 2001) . Samples were prepared for 14 C measurement by sealed-tube combustion to CO 2 in the presence of H 2 (Vogel et al. 1984) and measured in 2014. Prepared samples were analyzed on the Van de Graaff FN accelerator mass spectrometer at the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory. Calibrated ages were determined by matching measured 14 C values to atmospheric 14 C calibration curves. Bomb-pulse radiocarbon dating, used for a number of different types of organic materials, has been found to be accurate withiñ 2 yr. (Spalding et al. 2005; Hua 2009 ).
Rooting depth distribution
A depth coefficient for 10-cm peat increments was fitted to fine-root length production quantified using minirhizotrons and fine-root standing biomass quantified from peat sampling (Gale and Grigal 1987, Jackson et al. 1996) using the NLIN procedure in SAS (Version 9.2, SAS Institute Inc., Cary, NC, USA). The formula is
, where d is peat depth, and Y is the cumulative fraction of roots from the surface to depth d. Larger values of β indicate a larger fraction of fine roots in deeper peat. For this analysis, we excluded locations where no tree or shrub roots were observed throughout the peat profile, where there were no roots in surface peat, or where roots making up more than one third of the observed root length were 20 cm deeper than roots observed shallower in the profile.
Plant-available nutrients
Ion-exchange resin capsules (WECSA, LLC, Saint Ignatius, MT, USA) were used to monitor in situ changes in plant-available nutrients (i.e., NH 4 -N, NO 3 -N, and PO 4 3− ) in aerobic and anaerobic peat layers at approximately monthly intervals during the growing seasons of 2011 to 2013. Arrays of resin-access tubes (allowing repeated sampling of the same location over time; WECSA, LLC, Saint Ignatius, MT, USA) were installed across microtopographic positions at the south end of the bog and in the SPRUCE experimental plots. In May 2011, an array of three resin-access tubes were installed at a 30°angle from vertical to reach −10, −30, and −60 cm depths in hollow microtopography in three locations at the south end of the bog near minirhizotrons (n = 9 resin access tubes in total). In June 2013, arrays of six resin access tubes were similarly installed across a paired hummock-hollow surface in two locations in each of 16 SPRUCE experimental plots to capture microtopographic differences in nutrient availability (n = 12 tubes per plot). The tubes reached to −10 and −30 cm in the hollows and hummocks, and also to −10 and −30 cm from the hummock surface (~+ 15 and +5, depending on hummock height, which averaged 25 cm above the hollow surface in sites where resin access tubes were installed).
At each collection, resin capsules were removed and replaced, and removed resins were rinsed free of peat using distilled water, air-dried, and serially extracted with 2 M KCl. The extractant was filtered through Whatman #1 filter paper and analyzed for NH 4 + , NO 3 − , and PO 4 3− on a Lachat autoanalyzer (Hach Company, Loveland, CO). Nutrient adsorption was blankcorrected using resin capsules that were not incubated in the bog, and adsorption was standardized per unit of resin capsule surface area (11.4 cm 2 ) and per a 30 day interval. Here we present data from bi-weekly or monthlong periods of in situ incubations during July-August in 2011, 2012, and 2013.
Tree basal area and vascular plant community composition
The number, basal area, and distance from the center point of all P. mariana and L. laricina trees within a 5-m radius of each minirhizotron pair was quantified in May 2011 (the mid-point between minirhizotron tubes was the center point for this measurement). While all saplings and trees were counted, circumference at breast height (1.3 m) was measured only on trees taller than 1 m. Tree density was the summed basal area (cm 2 ) of trees taller than 1 m within a circular plot of a given diameter.
Understory vascular plant community composition was surveyed in 1 m 2 areas at four cardinal directions adjacent to each pair of minirhizotrons in June 2011 (one survey plot to the north of the minirhizotron pair, one survey plot to the south, etc., for a total of four survey plots at each minirhizotron pair). Percent cover of each plant species (cover classes as in Hollingsworth et al. 2010 ) was visually estimated in four quadrants for each 1 m 2 area. The percent cover in each quadrant was averaged, and then averaged across the four cardinal directions.
Areal coverage of hummocks and hollows were estimated in July 2012 to scale stratified measurements collected in different microtopographic positions. Ten 4 m × 4 m plots were sampled along three 60-m transects (30 plots total). In each plot, microtopography was classified as hummock or hollow in 25 grid points sampled using a 1-m 2 point frame with adjustableheight legs placed in each quadrant of the larger plot (100 points total per plot). Hollows were defined as the lowest elevation within plots and were typically at or near the height of the water table; hummocks included area above hollows, including the sides of the hummocks.
Aboveground phenology
Dendrometers installed at 1.3 m tree height were used to measure stem growth during the growing seasons of 2011 and 2012 (May through September or October). In 2011, automatic tree dendrometers (DR26, EMS, Brno, Czech Republic) were installed on eight P. mariana trees (the basal area of P. mariana comprised 100% of the trees within a 1.5 m radius of each minirhizotron pair and 97 ± 5% of the tree basal area within a 5 m radius of each minirhizotron pair). Trees were chosen based on their proximity to the minirhizotrons. Initial stem circumference was measured, and the dendrometers logged the change in stem circumference every 30 min based on the tension in a stainless steel band encircling the stem. Circumference was converted to cross-sectional area, and daily stem growth (basal area increment, BAI) was calculated from the change in daily minimum basal area (the high temporal resolution of the logger captured diurnal shrinking and swelling). In 2012, weekly manual measurements of steel dendrobands installed on a second set of eight P. mariana trees were used to quantify stem growth (as in Norby et al. 2001) . Leaf phenology of trees and shrubs was estimated from manual observations and images captured daily with a phenology camera; data were available for trees in 2011 and 2012, and for shrubs in 2013 .
Environmental monitoring
Ambient environmental monitoring stations were installed in the S1 bog in summer, 2010; two stations were co-located at the southern end of the bog, and one was located adjacent to an existing monitoring well in the mid-to northern portion of the bog (Hanson et al. 2011) . At each monitoring station, standard sensors collected data on meteorological and soil variables. Here, we focused on photosynthetically active radiation at 2 m above the peat surface (PAR, 400-700 nm; Quantum Sensor, Li-Cor, Lincoln, Nebraska), peat temperatures in the upper 5 cm of hummocks using custom multipoint thermistor probes (W.H. Cooke & Co. Inc., Hanover, PA), and water table level (Trutrack Ltd. Christchurch, New Zealand; Part No. WT-VO2000). Automated sensors were queried every minute, and 30-min means were logged on an automated data logger (Campbell Scientific, Inc. Logan, UT; CR1000). Daily averages across all three monitoring stations of the S1 bog were used in the current analyses, with the exception of water table level, which was from one environmental monitoring station at the south end of the bog, supplemented with data from a long-term bog well in the northern section of the bog (Griffiths and Sebestyen 2016) .
Statistical analyses
Our main objective was to measure spatial and temporal patterns in the growth and distribution of fine roots across a forested, ombrotrophic bog. Thus, much of our statistical analyses took advantage of regression or correlative approaches. Linear or non-linear relationships among fine-root morphological variables and between fine-root peak standing crop or growth, tree basal area, shrub percent cover, and environmental variables were analyzed by fitting curves using least-squares regression with the REG or NLIN procedures in SAS (Version 9.2, SAS Institute Inc., Cary, NC, USA). Potential correlations between the timing of fine-root growth in hummocks and hollows were assessed with the CORR procedure in SAS (Pearson product-moment correlation). Differences in nutrient availability between microtopographic positions and with peat depth in 2013 were analyzed using mixed-model ANOVAs with Tukey's post-hoc test using the MIXED procedure in SAS, where microtopography, peat depth, and their potential interaction were treated as fixed effects. Differences in nutrient availability with depth in hollows across 2011 and 2012 at the south end of the bog were analyzed using a repeated measures ANOVA using the MIXED procedure in SAS, where peat depth was treated as a fixed effect and year was treated as a random effect. Non-normal data were log-transformed prior to analysis, and effects were considered statistically significant at P ≤ 0.05.
Results
Root morphology
The common woody vascular plant species in the bog encompassed a range of fine-root morphology (Fig. 1) . The fine roots of ericaceous shrubs had a very narrow diameter relative to the tree species. For both trees and shrubs, the relationship between fine-root diameter and specific root length (SRL) followed a negative power function (Online Resource 2), similar to previous analyses of woody plant roots (Iversen et al. 2008 ).
Root dynamics
Fine-root length production assessed at the minirhizotron surface and extrapolated to a 1 m 2 ground area of peat varied across the bog. For tree fine roots, production ranged from 0 to 13 km fine roots m We calculated fine-root population turnover as the ratio of fine-root length production (i.e., roots newly produced during the period of minirhizotron observations) to fine-root peak standing length (where standing length was greater than 0) as in Gill and Jackson (2000) , and found that turnover decreased from 2011 to 2012. Turnover (mean ± SD) averaged 1.04 ± 0.21 yr. (Fig. 2) . In 2011, patterns of fine-root growth phenology in the hummocks were correlated with the phenology of fine-root growth in the surface 20 cm of the hollows for both trees and shrubs (R > 0.8, P < 0.001; data not shown). This was not the case in 2012 (R < 0.3, P > 0.4; data not shown).
Standing root biomass
Fine-root peak standing length estimated from the minirhizotrons was similar across 2011 and 2012 for both trees and shrubs. Fine-root peak standing length varied across the bog, ranging from 0 to 12 km root /m 2 ground area for tree roots, and from 0 to 20 km root / m 2 ground area for shrub roots (Fig. 3a,b) . Fine-root peak standing length in hollows was on average 53 ± 64% (SD) and 17 ± 21% (SD) of that in adjacent hummocks for trees and shrubs, respectively, when averaged across 2011 and 2012 (Fig. 3a,b) .
Fine-root standing biomass determined by meticulously removing all fine roots from peat cores taken in 2012 to a depth of~2.5 m included a surprising amount of fine-root biomass in peat below the maximum summer water table level, especially for the shrub plant functional type (Fig. 4) . Analysis of root tissue 14 C content indicated that fine roots in deeper peat were dead, but well-preserved, with C ages up to 5000 yr. old ( Fig. 4 ; Online Resource 5).
Rooting depth distribution
The depth distribution of newly-produced, living tree and shrub fine roots observed with minirhizotrons was extremely shallow with respect to global estimates of rooting depth distribution ( Fig. 5 ; Online Resource 6). In 2012, depth coefficients for fine-root production observed with minirhizotrons ranged from 0.726 to 0.886, where larger coefficients indicated a larger proportion of fine roots in deeper peat ( Fig. 5 ; Online Resource 7). In contrast, rooting depth distributions across the globe ranged from shallow rooting depths in arctic tundra (β = 0.914) to deep rooting depths in temperate coniferous forest (β = 0.976) (Jackson et al. 1996) . Fig. 1 Images of the fine roots of woody species in the S1 bog: trees P. mariana (a) and L. laricina (b), and ericaceous shrubs R. groenlandicum (c) and C. calyculata (d). Note the differences in diameter and mycorrhizal colonization between the trees and shrubs. These images were previously included in a letter (Iversen, 2014) and are reprinted here with permission from John Wiley and Sons those sampled from raised hummocks (Fig. 5) , though the fit of the depth coefficient to the data was poorer in hollows because many hollow locations had roots only in the top 10 cm. The depth distribution of newlyproduced roots tended to be shallower in 2012 than in 2011. By 2012, tree and shrub rooting depth distributions quantified using minirhizotrons were similar (overlapping standard errors, Online Resource 7; Fig. 5 ). Within a given microtopographic position, n e w l y -p r o d u c e d f i n e r o o t s o b s e r v e d w i t h minirhizotrons tended to be more shallowly distributed than those sampled from peat cores (Online Resource 7), likely due to the influence of preserved, dead roots on the rooting depth distribution in peat cores.
Nutrient availability with depth
The ion-exchange resins collected from hummocks and hollows in the SPRUCE experimental plots ( Fig. 2 The timing of the production of new shrub fine roots and shrub leaf out (a) and the timing of the production of tree fine roots and wood, as well as tree leaf out (b) in 2012 (data from 2011 are in Online Resource 4). Data for fine roots and wood are presented as means ±1 standard error. Root growth phenology (solid lines in panels a and b) was determined from minirhizotron observations. The timing of leaf out was determined from manual observations and daily images , represented as dashed lines for shrubs R. groenlandicum and C. calyculata (panel a) and trees L. laricina and P. mariana (panel b). The phenology of wood growth was determined from dendrobands, and cumulative tree basal area index (BAI) is indicated by a dotted line in panel b. Environmental data collected from nearby monitoring stations includes photosynthetically active radiation (PAR) measured at 2 m above the peat surface (c), peat temperature measured in the top 5 cm of hummocks (d), and water table level (WT) measured in a hollow (e), where 0 cm was the hollow surface (the surface of the hummocks where minirhizotrons were installed were on average 13 cm above the hollow surface) C content of shrub fine-root biomass sampled throughout the peat profile revealed that intact shrub roots found deeper than the maximum summer water table level (light blue shading) were ancient, dead roots with an approximate calibrated C age between 4000 and 6000 yr. before the peat sampling in 2012 (and 14 C measurement in 2014). The dark blue bars are shrub fine-root biomass sampled in a hummock and a hollow in one SPRUCE experimental plot (with biomass values found on the lower X-axis); the red lines and red boxes indicate C ages on the upper X-axis (approximate age before 2012, when the peat was sampled) for samples combined into surface roots and deeper roots as described in the Methods (e.g., roots from −50 cm to −100 cm were combined in order to have enough biomass for the analysis). See Online Resource 5 for more specific radiocarbon age estimates, and for age estimates of P. mariana and L. laricina roots in surface peat. Absolute peat depths consider the surface of the depressed hollow microtopography to be 0 cm. Positive numbers indicate raised hummock microtopography, while negative numbers indicate depth below 0 in both hummocks and hollows. NS is not sampled, given a limited amount of peat in the shallowest hummock depths (only 3 cm thickness) or extremely low bulk density from 0 to −20 cm (0.01 g/cm 3 ) from a more limited array in hollows only in the south end of the bog (Online Resource 8) that NH 4 + availability increased with peat depth, though the magnitude of the increase was strongest in hummock microtopography (depth × microtopography interaction; P = 0.04). PO 4 3− availability also increased with peat depth across the hummocks and hollows (P < 0.0001), while NO 3 − availability did not change significantly with microtopography or peat depth (P > 0.48). The majority of resin-available nutrients were found deeper than the reach of most fine roots. In 2012,~75% of tree and shrub fine roots were produced in the surface 10 cm of the hummocks and~95% in the surface 10 cm of the hollows. However, hummock surface peat to 10 cm depth had only 6% of measured, resin-available NH 4 + and PO 4 3− and hollow surface peat to 10 cm depth had only one-third of measured, resin-available NH 4 + and PO 4 3− ( Fig. 5 ; Online Resource 8). Rooting depth distributions in the S1 bog were constrained to nutrient-poor peat by a shallow water table level in hummocks (a) and hollows (b). Fine-root growth data derived from minirhizotron observations in 2011 and 2012 have shallower depth coefficients (Online Resource 7) than in the hatched area, which encompasses the average rooting depth coefficients derived from biomes across the globe (Jackson et al. 1996) . Note that depth values on the y-axis (cm) are expressed as depth from the peat surface rather than absolute depth in order to compare rooting depth, water table level, and nutrient availability. The surface of the hummocks was on average 13 cm greater than the hollows across minirhizotron locations and on average 25 cm greater than the hollows across all resin access tubes sampled in 2013. Water table level was only measured in the hollow, but is relativized by 13 cm in panel (a) to compare with rooting depth distribution in hummocks. Resin-available NH 4 -N data are for a month-long period from June to July, 2013 from arrays of tubes installed across 16 SPRUCE experimental plots (see Online Resource 8 for additional data). Differing uppercase letters indicate significant differences in NH 4 -N with depth across hummock and hollow microtopography
Biological and environmental relationships
Tree basal area density Though we measured tree basal area density within a 5 m radius of minirhizotron pairs, fine-root production and peak standing length were most strongly correlated with the basal area density of nearby trees (within in a 1.5 m radius of each minirhizotron pair). The basal area density within 1.5 m of the minirhizotrons ranged from 0 to 25.9 cm 2 /m 2 , and differed widely across the bog (Table 1, Fig. 3) .
The fine-root length production (km m −2 yr.
−1
) of trees in the hummocks was linearly and positively related to nearby tree basal area in 2011 (Online Resource 3, linear regression Adj. R 2 = 0.54, P = 0.004), but not in 2012 (P = 0.79). Also, nearby tree basal area explained between 50 and 35% of the adjusted variation in tree fine-root peak standing length in the hummocks in 2011 and 2012, respectively (Fig. 3a) . Patterns for tree roots were similar in hollows, though the relationships were weaker and not significant (P > 0.28).
Fine-root length production and peak standing length of shrubs in the hummocks were not significantly linearly related with nearby tree basal area in 2011 or 2012 (linear regression, P ≥ 0.08); instead we observed a unimodal relationship where shrub fine-root length production and peak standing length were greatest at intermediate tree basal area density (Online Resource 3, Fig. 3b ). We observed a similar pattern in the hollows (linear regression P > 0.24).
Shrub percent cover The percent cover of ericaceous shrubs near the paired minirhizotrons (including dominants R. groenlandicum and C. calyculata and as well as rarer K. polifolia and species in the genus Vaccinium) averaged~50% (47 ± 9% SD, Table 1), and was negatively related with nearby tree basal area (Table 1 ; linear regression Adj. R 2 = 0.27, P = 0.05). However, the percent cover of shrubs was unrelated to tree or shrub fine-root production (linear regressions, P > 0.56 and 0.26, respectively) or tree or shrub peak fine-root standing length (P > 0.31 and 0.23, respectively).
Aboveground phenology Nearby tree basal area (cm 2 ) increased strongly between day of year~160 to~220 in 2011, and between day of year~180 and~212 in 2012 (Fig. 2, Online Resource 4) . We fit a sigmoidal curve to the relationship between day of year and cumulative basal area increment calculated from the dendrobands, and used this function to estimate the cumulative difference in basal area increment between days that the proportion of maximum fine-root length production was calculated. Two trees that did not show a positive growth rate in 2012 were excluded from the analysis. While it appears that the relative proportion of tree and shrub fine-root length production on a given date (i.e., phenology) may be negatively related to basal area accumulation (Fig. 2, Online Resource 4) , we did not find this to be statistically detectable in 2011 or 2012 (linear regression, P > 0.29). L. laricina annual leaf out occurred before peak fine-root growth in both 2011 and 2012, while the pattern for P. mariana annual leaf out in relation to patterns of fine-root and wood growth was less clear (Fig. 2, Online Resource 4) . Estimates of shrub leaf out from images taken in 2013 indicate that both shrub species would have leafed out prior to the first peak in shrub fine-root growth in 2011 and 2012.
Edaphic and environmental conditions In 2011, tree and shrub fine-root phenology were slightly positively related to PAR because the largest peaks in production were earlier in the growing season when PAR was greatest (Online Resource 4, adjusted R 2 = 0.14 and 0.12, respectively, P < 0.0001), but this relationship did not hold in 2012 (Fig. 2 , P > 0.15). Tree and shrub fine-root phenology were unrelated to peat temperature in the surface of the hummocks in either year (Figs. 2, Online Resource 4, P > 0.20), with the exception of a very slight positive relationship between tree fine-root phenology and peat temperature in 2012 (Fig. 2 , adjusted R 2 = 0.02, P = 0.04). There were statistically significant linear relationships among tree and shrub fine-root phenology and the depth to the water Table (P < 0.5 for trees in 2011 and 2012, and shrubs in 2012; for shrubs in 2011, P = 0.53). However, the adjusted R 2 values indicated that depth to water table during the growing season explained less than 5% of the variation in root phenology across functional types and years (Fig. 2 , Online Resource 4).
Scaling Trends in fine-root biomass production (scaled from measurements of fine-root length and diameter in minirhizotrons) were similar to patterns in fine-root length production observed across gradients of tree density and hummock-hollow microtopography (Table 1) , as well as peat depth (Online Resource 6).
Based on our measurements of the areal distribution of hummocks and hollows across the bog, the S1 bog was 62 ± 15% (SD) hummock (Online Resource 9). We used All error terms are standard error unless specified. Data are arranged from lower to higher surrounding tree basal area (BA) within 1.5 m of each minirhizotron pair. Tree basal area density was the summed basal area of all P. mariana trees taller than 1 m within a 1.5-m radius of the minirhizotrons (there were no L. laricina within a 1.5 m radius of minirhizotrons). R. groenlandicum was the dominant ericaceous shrub, ranging from 23 to 43% cover across all minirhizotron locations, while the ericaceous shrub C. calyculata ranged from 0 to 23%. Other ericaceous shrubs averaged less than 5% cover across all locations. We converted root length production observed in minirhizotrons to mass production using the relationship between root diameter (D, mm) and specific root length (SRL, m/g) derived in Online Resource 2 for trees and shrubs. We did not collect sedge voucher specimens, but developed a relationship between sedge root diameter and SRL for sedges collected from root ingrowth cores (SRL = 18.874 × D -1.613 , R 2 = 0.91). Relativized root growth takes into account to the relative fraction of hummocks relative to hollows *Aboveground growth increments (SPRUCE project data, P. Hanson, unpublished data) +/− 1 SD (across 16 SPRUCE experimental plots) were calculated from tree allometry for trees in the plots in 2011 and 2012, and for current year leaf and twig increments for the ericaceous shrubs in harvested clip plots in 2012 the areal distribution of microtopography to calculate the relativized fine-root biomass production per unit ground area, and ultimately the fraction of net primary productivity allocated to fine roots (Table 1) . Depending on the minirhizotron location and year, the relative contribution of fine roots to whole-plant NPP ranged from 16 to 85% for trees (averaging 70 and 45% in 2011 and 2012, respectively) and ranged from 1 to 47% for shrubs (averaging 27 and 6% in 2011 and 2012, respectively; Table 1 ).
Data availability
The data discussed throughout the Results section are available online (Data Citations: Iversen et al. 2017a; Iversen et al. 2017b; Iversen et al. 2017c; Iversen et al. 2017d; Ontl and Iversen 2017) .
Discussion
Fine roots are an important component of ecosystem carbon, water and nutrient fluxes, especially in cold, nutrient-limited, northern peatlands (Megonigal et al. 2004 ). However, the distribution and dynamics of fine roots in waterlogged ecosystems with highly organic soils are poorly characterized, in part because it is difficult to do so. We adapted non-destructive minirhizotron methodology, which has rarely been used in peatland ecosystems, to better understand the distribution and dynamics of fine roots across a forested, ombrotrophic bog. We found that fine-root growth varied spatially across the bog, and tended to be seasonally dynamic, but living roots were shallowly distributed in a thin layer of nutrient-poor, aerobic peat above the average growing season water table level.
Spatial patterns in dynamic root growth
We hypothesized that fine-root standing crop and growth would vary spatially across the bog, with the greatest amount of standing crop and growth in areas with the greatest tree density or shrub cover and also in raised hummocks compared with depressed hollows. We found that fine-root peak standing crop and growth across the bog were highly variable across gradients of microtopography and tree density. In some cases, minirhizotron estimates of fine-root peak standing length just beneath the surface of the bog exceeded tens of kilometers of fine roots per m 2 ground area. In support of our hypothesis, fine-root peak standing length was generally greater in raised hummocks than in saturated hollow depressions (Fig. 3) , and fine-root production tended to follow this pattern in many, but not all, cases (Table 1) . This pattern is likely due to the more aerobic nature of raised hummock microtopography compared with depressed hollows (e.g., Lieffers and Rothwell 1987; Moore et al. 2002; Kajimoto et al. 2003; Sullivan et al. 2008; Murphy et al. 2009b ), but could also be due to warmer growing season temperatures in hummocks compared with hollows (e.g., Kajimoto et al. 2003; Hanson et al. 2011) . Spatial patterning in the distribution and dynamics of fine roots across the undulating microtopography of many peatlands may be linked to patterns in aboveground biomass (Silvola et al. 1996; Murphy and Moore 2010) . In partial support of our hypothesis, we found that nearby tree basal area explained a large proportion of the variation in tree fine-root peak standing length (Fig. 3a) . This may be due to most roots being located within a few meters of the bole of the tree (e.g., Kajimoto et al. 2003) , and indeed we observed the strongest relationship between fine-root peak standing length and tree basal area within 1.5 m of the minirhizotrons. In contrast, the unimodal relationship between nearby tree basal area and shrub fine-root peak standing length (Fig. 3b) could be related to shading of shrubs limiting C acquisition in areas of high tree density (e.g., Wieder et al. 2009 ), and we did find a negative relationship between nearby tree basal area and shrub percent cover. However, the percent cover of shrubs had no relationship with shrub fine-root growth or peak standing length, though shrub biomass has been found previously to predict shrub fine-root production in a drier, treeless bog (Murphy et al. 2009a) .
We observed greater fine-root production in 2011 than in 2012 (Online Resource 3). Previous work has shown that the fine-root production of individual tree species can vary as much as 3-fold among years (McCormack et al. 2014 ), but it is also possible that there was a flush of root growth associated with soil disturbance and colonization after minirhizotron installation in summer, 2010 (e.g., Iversen et al. 2008) . Furthermore, disturbance may have stimulated the growth of fine roots deeper into the waterlogged peat profile in 2011 (Fig. 5) , which may have resulted in greater mortality. For example, in 2011, we observed~2800 new fine roots (out of a total of~3100 roots), but only 60% of these were alive at the end of the growing season. In 2012, we observed only~500 new fine roots (out of a total of~1100), but more than 80% of these were alive at the end of the growing season. The large difference in root production between years likely cannot be attributed to a larger volume of oxic peat in the acrotelm in 2011; the water table level was closer to the peat surface in 2011 than in 2012 (Fig. 5) .
Our estimates of population turnover of fine roots newly-produced during the period of minirhizotron observations (0.52 and 0.81 yr.
−1 for shrubs and trees, respectively in 2012) fall within the range of expected fine-root turnover in boreal forests and wetlands (e.g., Finér and Laine 1998; Gill and Jackson 2000; Bhuiyan et al. 2016) . Furthermore, because the root population turnover times in 2012 were on average less than 1.0 yr.
, we were able to calculate fine-root lifespan as the inverse of turnover (McCormack et al. 2014) . In 2012, root population lifespan averaged 1.2 and 1.9 yr. for trees and shrubs, respectively, which is within the decadal realm of fineroot C ages determined from 14 C analysis in surface peat above the water table ( Fig. 4 ; Online Resource 5). Estimates of fine-root C age are expected to be longer than minirhizotron estimates for a number of reasons related to the sampling biases of the different methodologies (e.g., Strand et al. 2008) .
Interestingly, while minirhizotron measurements and 14 C methodology supported the fast turnover of living roots in surface peat, 14 C methodology also illuminated the extremely slow rates of fine-root detrital turnover in deeper, anaerobic peat, as would be expected in a saturated peatland (resulting in intact fine roots that were thousands of years old; Fig. 4) . Thus, root detritus is an important component of peat formation, and the differential growth of roots into hummock microtopography could potentially contribute to the sustained differences in the height of hummocks compared with hollows (e.g., Eppinga et al. 2010 ).
The phenology of root growth
The timing of fine-root production throughout the year exerts important controls over peatland plant and soil processes (Silvola et al. 1996; Ström et al. 2012) , but is rarely directly measured in any biome (reviewed in McCormack et al. 2014; Abramoff and Finzi 2015) . To our knowledge, fewer than a handful of studies have quantified the timing of fine-root production in ecosystems underlain by organic soils (Iversen et al. 2012) . Theory predicts that patterns of fine-root phenology can range from equally-distributed production throughout the year to unimodal and multimodal peaks of production, depending on resource availability and favorable environmental conditions (reviewed in McCormack et al. 2014) . Focusing on the raised hummocks where the majority of fine-root peak standing length occurred, we found that the relative number of new fine roots produced was variable throughout the season, but peak fine-root growth occurred in multiple flushes (in what appeared to be a bimodal pattern) for both trees and shrubs (Fig. 2, Online Resource 4) .
We hypothesized that fine-root phenology would be driven by edaphic and environmental conditions such as peat temperature and photosynthetically active radiation. In contrast, we found that fine-root phenology was generally unrelated to peat temperature in the hummock surface, PAR (which was greatest during a period of cool temperatures and a high water table level where a large amount of root growth would be unexpected), or water table depth throughout the growing season. However, peat temperature may have constrained the beginning or end of the root growing season (Fig. 2d , Online Resource 4). For example, fine-root growth of Picea species in other sites has been linked to a threshold in soil temperature (Vapaavuori et al. 1992; Ruess et al. 2003) , and net C uptake in the spring across several deciduous forest FLUXNET sites began after soil temperature reached the threshold of mean annual air temperature (Baldocchi et al. 2005) .
We further hypothesized that fine-root phenology would be offset from the growth of leaves and wood. Indeed, the availability of carbohydrate with respect to competing sinks within the plant may have played a more important role in the timing of fine-root growth than edaphic or environmental conditions. A first peak in root growth occurred early in the growing season before peak wood growth, and a second peak occurred later in the growing season, after peak wood growth was past (Fig. 2b , Online Resource 4). Our measurements span a patchwork of data that predicts similar or later root growth compared with leaves (Abramoff and Finzi 2015; Iversen et al. 2015) , peak root growth prior to bud break and leaf expansion (McCormack et al. 2014; McCormack et al. 2015b) , and alternating growth between shoots and fine roots (this study; Reich et al. 1980) . McCormack et al. (2014 McCormack et al. ( , 2015b ) also observed a somewhat bimodal trend in root growth for another conifer, Pinus strobus. While many studies focus on the relative timing of leaf and root growth, our data indicate that the timing or magnitude of wood growth may also play an important role in mediating the allocation of C to fine roots (e.g., Vapaavuori et al. 1992; Malhi et al. 2011 ). An earlier increase in basal area growth in 2011 (Online Resource 4) may explain the differences in timing of peak root growth in 2011 and 2012, though the strong and early peak in fine-root growth in 2011 could also be related to the disturbance associated with minirhizotron installation (e.g., Joslin and Wolfe 1999) . A great deal more work on the subject of root growth phenology is needed, especially in ecosystems underlain by organic soils. It will be necessary to use minirhizotron (or rhizotron) technology to observe these important patterns in root birth and growth throughout the year.
Rooting depth distribution
In peatlands, the thin layer of aerobic soil above the average summer water table depth exerts an important control over the distribution of fine roots throughout the soil profile (e.g., Murphy and Moore, 2010) , especially for woody trees and shrubs that do not form aerenchymous roots. We hypothesized that newlyproduced fine roots of the dominant woody plants would be shallowly distributed above the water table, limiting their access to nutrients available in deeper peat. In support of our hypothesis, we observed that more than 95% of newly-produced roots observed using minirhizotron technology in 2012 were confined to the aerobic zone above the deepest growing season water table level (Fig. 5) . Furthermore, the calibrated C age of shrub roots sampled from surface peat was less than 10 years old (Fig. 4) , highlighting the concentration of living, functioning roots in the shallowest peat layers. The importance of water table level in controlling the depth distribution of peatland fine roots was further illustrated by the fact that roots colonizing hummocks, which sit further above the water table, were more deeply distributed than roots colonizing hollow depressions (Fig. 5) . Shallow rooting distributions for woody plant species have been observed in other systems underlain by organic soils (Lieffers and Rothwell 1987; Backéus 1990; Kajimoto et al. 2003; Kohzu et al. 2003; Bhuiyan et al. 2016) , and the rooting depth coefficients (Online Resource 7) indicated that living tree and shrub roots in the S1 bog were on average even more shallowly distributed than roots in arctic tundra underlain by permafrost (Jackson et al. 1996) . Ultimately, in saturated soils, minirhizotrons may provide a more accurate estimate of rooting depth distribution than fine-root standing crop sampled from peat cores. Limited decomposition in anaerobic peat may confound estimates of living root biomass sampled from peat cores throughout the soil profile (e.g., Moore et al. 2002) . For example, we found well-preserved (i.e., intact), but dead, shrub roots up to 5000 yr. old in peat samples as deep as 2-m (Fig. 4) . These roots were close in age to the bulk peat from similar depth increments (McFarlane et al. submitted) . Given the rooting depth distribution of living shrub roots appears to depend strongly on the position of the water table, we hypothesize that shrubs living many millennia ago potentially invested in deeper roots in response to drought conditions, and these roots were then inundated by water in subsequent growing seasons and preserved under anaerobic conditions.
Prior characterization of peat in the S1 bog indicates that dissolved organic carbon (DOC), even in peat as deep as 2 m, is of recent origin compared with the bulk peat (Tfaily et al. 2014) , and may provide an important C source for priming of microbial decomposition of deep peat. Given the shallow rooting depth of the woody species in the bog, and the sparse cover of deeply-rooted sedges, if the young DOC in deeper peat is plant-derived it must be vertically transferred to deeper peat on relatively fast timescales at this site (e.g., Glaser et al. 2016) . Future work should focus on comparing the timing of DOC production with the timing of fine-root growth and turnover throughout the soil profile.
We further hypothesized that the shallow rooting depth distribution woody plants would limit their access to nutrients available in deeper peat. In support of our hypothesis, we observed strong increases in nutrient availability with peat depth in the S1 bog (Fig. 5 , Online Resource 8). Similar patterns have been observed in other peatland ecosystems (Kohzu et al. 2003; Finger et al. 2016) , indicating that the shallow water table depth in peatlands constrains plant roots to the zone of peat where nutrient availability is least. Indeed, the large concentration of fine roots in surface peat may draw down the availability of nutrients, while nutrients may accumulate in deeper peat where fine roots are scarce. The discrepancy between the spatial distribution of nutrients and fine roots was exacerbated in the surface of hummocks where the overwhelming majority of fine roots were observed, and where, in contrast to other studies (e.g., Eppinga et al. 2010) , we found that nutrient availability was less than in adjacent depressed hollows, though the total amount of nutrients available to roots could be equal or greater, given deeper rooting distributions in hummocks.
Interactions among water table level, rooting depth distribution, and the distribution of nutrients throughout the peat profile likely contribute to the extreme nutrient limitation of peatland plants, especially those growing in ombrotrophic bogs that receive their limited nutrient inputs from precipitation. If a lowering of the water table resulting from drier conditions in response to warming (e.g., Shi et al. 2015) allows deeper root growth in aerobic peat, exploitation of greater nutrient availability at depth may allow increased plant production in this nutrient-limited bog, though the ability of ericaceous shrubs and trees to develop deeper rooting distributions may differ (e.g., LeBarron 1945; Gale and Grigal 1987; Lieffers and Rothwell 1987; Backéus 1990; Weltzin et al. 2000; Murphy et al. 2009a; Iwasaki et al. 2010; Murphy and Moore 2010) .
Fine-root contribution to net primary production Extrapolated estimates of annual fine-root biomass production from minirhizotron observations (Table 1) are of the same magnitude as estimates of root growth from other bogs obtained using destructive sampling techniques (Reader and Stewart 1972; Backéus 1990; Finér and Laine 1998; Weltzin et al. 2000; Bond-Lamberty et al. 2004; Murphy et al. 2009a; Wieder et al. 2009; Laiho et al. 2014 ). In the S1 bog, fine-root biomass production comprised between 45 and 70% of tree NPP, and between 6 and 27% of shrub NPP, after accounting for differences in the distribution of hummocks and hollows across the bog (Table 1 ). The lower estimates (45% and 6% for trees and shrubs, respectively) are from 2012, two years after minirhizotron installation, and are less likely to be affected by initial fineroot colonization of the tubes. These estimates are close to those observed in other bogs dominated by woody plants, where estimates of fine-root contribution to NPP ranged from 0 to 40% for trees (Bond-Lamberty et al. 2004; Wieder 2006 ), but they are somewhat less than estimates of ericaceous shrub fine-root NPP fraction, which ranged from 25 to 75% (Reader and Stewart 1972; Backéus 1990; Weltzin et al. 2000) . Our lower estimates of shrub fine-root production could be related to the focus of minirhizotrons on narrow-diameter absorptive roots. For example, there was up to 20 km/m 2 of shrub fine-root length in some locations, but absorptive shrub roots have an extremely high specific root length (~750 m/g for first and second order roots, Online Resource 2), resulting in lower root biomass per unit root length.
Representing fine roots in peatland models
Our findings on the patterns of rooting distribution and dynamics in an ombrotrophic bog can help to inform the treatment of fine roots in ecosystem models projecting C, water, and nutrient fluxes in peatlands (e.g., Frolking et al. 2010; Riley et al. 2011; Shi et al. 2015) . For example, we observed relationships between the basal area of nearby trees and fine-root peak standing length as well as patterns of relative biomass allocation that could be used to constrain fine-root biomass in models. We also observed dynamic patterns in fine-root phenology in comparison with leaf and wood phenology, indicating that dynamic allocation coefficients will be needed to predict patterns in C flux to different plant organs. In addition, we observed that most fine roots were shallowly distributed; thus, the average depth to the water table could be used to predict the maximum depth of living, woody fine roots and modeled plant-available nutrients should be constrained to shallower peat depths (e.g., Frolking et al. 2010) . Lastly, the large specific root length of ericaceous shrubs indicates that root length, rather than root biomass, may be more useful for predicting the importance of these and other fine roots for resource acquisition throughout the shallow peat profile. Similarly, extramatrical hyphae may increase fine-root access to peat resources (Fernandez and Kennedy 2015) .
Conclusions
As one of the few studies to adapt minirhizotron technology for use in waterlogged peatlands, we were able to provide a rare glimpse into the hidden patterns of fineroot distribution and dynamics in a forested, ombrotrophic bog, and the timing of fine-root growth throughout the year. As we hypothesized, we found that fine-root standing crop and growth varied spatially across the bog in relation to tree density and microtopography, and we observed tradeoffs in root growth with aboveground woody growth, rather than as a response to environmental variables such as peat temperature and PAR. Importantly for understanding the strong nutrient limitation of peatland plants, we found that the water table constrains living fine roots to the aerobic zone, which is extremely poor in plant-available nutrients. Furthermore, we observed ancient, undecomposed, fine roots in peat below the water table, suggesting a significant contribution of roots to historical accumulated peat. We expect the biological, edaphic, and environmental controls over the distribution and dynamics of fine roots in this ombrotrophic bog to be sensitive to projected warming and drying in northern peatlands as well as increases in photosynthate associated with rising atmospheric [CO 2 ]. These changes could alter the balance of peatland C, water, and nutrient fluxes, and therefore peatland C storage.
